Introduction
[2] Subduction operates by bending of the lithospheric plate at the trench. The geometries of a bending slab indicate significant deformation, suggesting that lithospheric plates might be weakened somehow during subduction [Tao and O'Connell, 1993] . Detailed seismic images on the oceanic trench slope offshore of Middle America and Chile subduction zones show that faults down to lower crustal depth accommodate bending [Ranero et al., 2003; Grevemeyer et al., 2005] , promoting hydration of the crust and weakening the lithospheric strength by possible serpentinization. The presence of near trench volcanism and massive brittle deformation in the forebulge area are other independent key observations that lithosphere can substantially break and weaken before entering at trench [Hirano et al., 2006; Billi et al., 2006] .
[3] The slab strength at the trench has important consequences for the kinematics of the subduction process as well. Dynamically self-consistent numerical [Gurnis and Hager, 1988; Zhong and Gurnis, 1995; Funiciello et al., 2003a; Enns et al., 2005; Stegman et al., 2006] and laboratory models [Funiciello et al., 2003b; Bellahsen et al., 2005; Faccenna et al., 2007] show that the slab strength play a key role in controlling subduction velocity and its partitioning between trench and plate motion. Bellahsen et al. [2005] highlight for the first time that the ''free'' subduction occurs with two main styles: an advancing and a retreating one. Faccenna et al. [2007] show that the style of subduction at steady state mainly depends on the resistance encountered by the slab to bend and penetrate into the upper mantle. Despite the many studies to the lithospheric strength and its weakening caused by the yield stress [e.g., Martinod and Molnar, 1995; Kohlstedt et al., 1995] , the bending mechanism in the subduction process is still poorly constrained. Simple calculations indeed show that the bending stress at the trench (either for viscous or viscoelastic plates [see Turcotte and Schubert, 1982] ) exceeds the total strength of the lithosphere itself [Bodine et al., 1981; Conrad and Hager, 1999] . The reduction in plate strength is consistent with several geodynamical models that use different rheologies: viscous models [Zhong and Gurnis, 1994] in which the plate boundaries are modeled as faults, and elastic [Caldwell et al., 1976] , elastoplastic [Turcotte et al., 1978] , or viscoelastic models [Bott, 1993] .
[4] On Earth such a partition of the subduction zones between retreating and advancing styles can be recognized in different geographical reference frames, as illustrated by F. Funiciello et al. (Trench migration, net rotation and slab-mantle coupling, submitted to Earth and Planetary Science Letters, 2007 ; hereinafter referred to as Funiciello et al., submitted manuscript, 2007) and Heuret [2005] . In our models we obtain both subduction modes with a realistic range of geometrical and rheological parameter settings.
[5] With purely viscous analogue models, Bellahsen et al. [2005] carried out a systematical dynamics study on the effects of the rheological and geometrical parameters on the subduction style. They found that denser, thinner and/or larger plates favor trench retreat, while less dense, thicker and narrower slabs promote advancing style subduction. Schellart et al. [2007] conducted 3-D numerical experiments, in which they investigated the effects of the slab width on the evolution of the subduction process. In their models, narrower slabs retreat fast (w < 1000 km), intermediate plates (w $ 2000-3000 km) fold on the discontinuity, and wide ones (w > 4000 km) are almost stationary.
[6] In this work we describe the results of twodimensional (2-D) and three-dimensional (3-D) numerical models that explore systematically how geometrical and rheological parameters affect the kinematical/dynamic evolution of the subduction process. A viscoplastic rheology with a depthdependent yield strength provides the rheological framework for the detachment of a plate from the surface and subsequent self-consistent sinking within the mantle. Those calculations illustrate that the style of subduction is governed by a combination of several physical parameters. By means of a scaling law, we are able to reduce the complexity of the system, and to identify lithospheric stiffness as the key parameter in the subduction process. [7] Subduction is modeled with a 2-D and 3-D setup for viscoplastic flow with compositional buoyancy (see Figure 1 ).
Model Setup

Governing Equations
[8] The mantle is treated as an incompressible viscous medium, with an infinite Prandtl number and Boussinesq approximations. The system is described by the conservation of mass,
and chemical advection:
where v ! is the velocity vector, t the deviatoric stress tensor, p the dynamic pressure, C o the composition, and g the gravitational acceleration. The composition function C o is a switch between two end-member components representative of the oceanic lithosphere and the upper mantle, respectively.
[9] Temperature is not explicitly solved and, consequently, thermal effects and phase changes are neglected. Instead, a compositional density contrast Dr is imposed between the slab and the surrounding mantle. Such simplification, although numerically more challenging, provides an efficient means to supply insightful information about the influence of variations in plate thickness and width, or viscosity or density contrasts between slab and mantle on the dynamics of the subduction process, irrespective of the underlying often complex sources of those variations.
Model Rheology
[10] Earth's rheology is not uniform but strongly changes with depth. Pressure and temperature are not the only parameters that influence the strength of a rock. Also the presence of water and the applied stress have an important effect in deformation. The use of experimentally determined diffusion or dislocation creep flow laws leads to an effective viscosity that is much larger than observed in nature [Kohlstedt et al., 1995] . The uppermost part of the lithosphere deforms in a brittle way following the relation:
where m f is the coefficient of internal friction and C f is the frictional cohesive strength in the limit of zero hydrostatic pressure. This is derived from the empirical Byerlee's frictional law [Byerlee, 1968] , Figure 1 . Three-dimensional numerical model setup describing a free slab sinking within the upper mantle, with the boundary conditions at top, bottom, and sides of the computational system. The 2-D setup is given by the vertical grey surface cross section. Arrows describe the trench motion, V t , and the plate motion, V p . Black and white arrows refer to positive and negative velocities, respectively.
[11] In this work, we model the yield criterion by assuming C f to be equal zero and the normal stress s n to be the lithostatic pressure [Moresi and Solomatov, 1998; van Hunen et al., 2001; Enns et al., 2005; Stegman et al., 2006] . However, the effective stress can be rewritten in the following terms [Huismans et al., 2005] :
where a is the angle of internal friction, and P can be taken equal to rgz. Since, the coefficient of friction is:
and the angle a is small, it is possible to approximate tan(a) $ sin(a) and equations (4) and (6) are equivalent.
Numerical Method
[12] Two-dimensional and three-dimensional calculations are performed using the parallel finite element (FE) code Citcom [Moresi and Solomatov, 1995; Moresi and Gurnis, 1996; Zhong et al., 2000] . The governing equations are solved using an iterative conjugate gradient solver on an orthogonal mesh. Compositional information is carried by a large number of particles, more than hundred tracers per finite element in order to ensure enough numerical accuracy. Tracers are transported with the velocity field [e.g., van Hunen et al., 2002] by applying a second-order Runge-Kutta method. The code is benchmarked against van Keken et al. [1997] . The second-order Runge-Kutta time stepping is accurate enough for these rather short trajectories.
[13] The computational domain is a 3-D Cartesian box of 4620 km long, 4620 km wide and 660 km deep (aspect ratio 7 Â 7 Â 1) with 32 elements in vertical direction and 192 in both horizontal directions. The 2-D box has the same x and z dimensions and 64 and 384 elements in vertical and horizontal direction, respectively. In the 3-D case the resolution is lowered because the models are computationally more demanding. We tested that resolution changes did not affect the dynamics of the system but only the quality of visualization.
[14] The model consists of a compositionally described plate on top of a less viscous upper mantle ( Figure 1 ). This setup is inspired by Bellahsen et al. [2005] , and has the following characteristics:
[15] 1. No external forces are imposed to the system. Gravity drives the process entirely.
[16] 2. The trailing edge of the plate is detached from the side boundary, corresponding to zero ridge resistance (in the sense of Kincaid and Olson [1987] ). We refer to this situation as a ''free ridge'' condition on the trailing edge of the subducting plate.
[17] 3. Subduction is triggered by an initial asymmetrical configuration of the slab: the leading edge of the slab has been curved into the mantle to induce a finite-amplitude instability after which the subduction process begins.
[18] 4. We use a passively convecting mantle. Hence, in our experiments only the subduction process, and no background convection or local background flow, generates mantle flow.
[19] 5. The oceanic lithosphere and upper mantle respect the range of natural density and viscosity contrasts [Hager, 1984; Davies and Richards, 1992; Mitrovica and Forte, 1997; Vassiliou et al., 1984; Vassiliou and Hager, 1988; Cloos, 1993] . Its effective viscosity is temperature-and pressureindependent, but is strongly non-linear close to the surface.
[20] 6. The overriding plate is not modeled. We simplified the subduction zone by assuming that plates are surrounded by weak zones, whose viscosity is the same as the upper mantle [King and Hager, 1990] . In this way the ''plate-like'' behavior is preserved and the mobility of the plate is guaranteed. This setup conforms to the assumption of negligible interaction with external forces including those with an overriding plate. Obviously, interaction with the back-arc and mantle wedge, however important [Billen and Gurnis, 2001; van Keken, 2003] , are affected by this measure.
[21] 7. The boundary conditions are described by a free-slip top and by no-slip bottom and sidewalls conform Bellahsen's laboratory models. The bottom boundary, associated with the 660-km discontinuity, is simulated as an impermeable barrier to flow, even though natural slabs are known to be able to penetrate into the lower mantle [Fukao et al., 2001] . This impermeability assumption is motivated by the fact that the upper-lower mantle transition zone is related to an endothermic phase change [Ringwood and Irifune, 1988] generating buoyancy forces that keep the slab (at least temporarily) from directly penetrating into the lower mantle [Griffiths and Turner, 1988; Davies, 1995; Funiciello et al., 2004] .
Output Data
[22] Each model is monitored geometrically (slab shape), kinematically (trench, plate, and subduction velocity) and dynamically (energy dissipation) throughout the subduction process. The position of trench and plate at different time steps are tracked throughout the calculation. Hence the plate velocity V p and trench velocity V t are calculated as the difference in position between a numerical time step and the previous one divided by the incremental time step. The subduction velocity V s is then determined as the algebraic sum of trench and plate velocities: V s = V p + V t . V p is defined as positive when directed toward the trench, V t is negative when directed toward the trench (Figure 1 ).
[23] Energy dissipation per unit of volume, F, by an incompressible fluid is measured as [Ranalli, 1995] :
[24] We calculate F both over whole system and its fractions dissipated by the plate 8 l and the upper mantle 8 um . How the viscous dissipation is partitioned between plate and mantle is described as the percentage of the energy dissipated by the subducting lithosphere 8 l
[25] The energy dissipated by the plate and upper mantle are calculated for each numerical calculation time step. The fraction of energy used by lithosphere is a time averaged quantify over the ''steady state phase'' which is defined as the period after the interaction with the 660-km discontinuity, which is characterized by approximately constant velocities (see below).
Results
Reference Models
[26] All the calculations show the typical sequence of three phases during which plate and trench motions are distributed in different ways [Funiciello et al., 2003b] : (phase I) the slab accelerates during the sinking within the mantle, (phase II) a transient interaction between slab and the 660-km discontinuity, and (phase III) a steady state condition, in which a constant velocity (for trench, plate, and subduction) and invariable slab geometry are achieved. As a general rule, the motion of slab during the steady state phase can be classified in (1) a retreating (or slab roll-back) mode for which V t > 0, V p is low, and the slab dip is shallow and (2) an advancing mode with V t < 0, V p is high, and the slab dip is steep ( Figure 1) . Sometimes, the slab shows a transitional behavior, starting its migration in advancing style, and later, after folding on the discontinuity, changing to retreating mode during the steady state phase. We refer to this case as the ''fold-and-retreat'' mode (see Animations 5 and 6 (Model 6), available as auxiliary material 1 ).
[27] All varied model parameters for each model are reported in Table 1 . The temporal evolution and the rheological properties of our reference retreating mode model (Table 2 , experiment 1) are described in Figure 2 and in Animations 1 and 2. During the first stage (phase I, Figure 2a ) the slab sinks through the upper mantle. Acceleration of the process occurs because of the increase of the slab pull with the slab length through time, which also results in an increase of the energy dissipation ( Figure 2f ). The bending zone, where the plate at the surface deforms to sink into the mantle as a subducting slab experiences high deformation, and the directly surrounding mantle deforms to adjust to the slab motion. The trench begins to arch slightly (plan view, Figure 2c , phase I) because the trench migration results in a relative mantle that curves the edges on the slab.
[28] In the transient phase (phase II, Figure 2a ), a short slowdown of the subducting process occurs during the first slab-discontinuity interaction ( Figure 2e ). The energy dissipated by the lithosphere in this stage is almost constant (Figure 2f ), whereas the dissipation of the whole system drops, because the slow mantle flow dissipates less energy.
[29] During the last phase (phase III) a steady state situation is reached: the trench keeps retreating, and both plate and trench velocity are almost constant ( Figure 2e) . A large portion of the system energy is dissipated by plate in the slab bending zones, at the top and bottom ( Figure 2b , phase III).
However, additional energy dissipation occurs in the wedge and between the slab and the box bottom. By now, the arc shape (in plan view) is very pronounced (Figure 2c , phase III). The effective viscosity (Figure 2d ) illustrates the effect of pseudoplasticity. In the bending zone, viscosity undergoes a significant reduction relative to the reference plate viscosity. The subducted part of the slab is not affected by weakening for depths larger than approximately the thickness of the plate.
[30] Figure 3 and Animations 3 and 4 show a plate moving in advancing style (Table 2 , experiment 3). When the slab begins to sink into the mantle ( Figure 3a , phase I), the trench again migrates backward (i.e., in retreating mode). The process is accelerated by the increasing length of the slab ( Figure 3e ). Also the energy dissipated by both the plate and the system increases ( Figure 3f ). The trench is only slightly curved ( Figure 3c , phase I).
[31] During the second phase ( Figure 3a , phase II) subduction slows down (Figure 3e ), the slab tip interacts with the 660-km discontinuity, and the trench inverts its direction and starts to move in advancing mode. Plate dissipation undergoes a reduction ( Figure 3f ), being approximately equally divided between the top and the bottom bending zones. The steady state phase ( Figure 3a , phase III) is characterized by a plate velocity that is significantly higher than the trench velocity (Figure 3e ), and by fairly constant energy dissipation ( Figure 3f ). The trench has no arc-shape, but edges slightly bend backward following the direction of the mantle return flow ( Figure 3c , phase III). At the bending zone the viscosity undergoes a reduction, respect to the reference plate viscosity (Figure 3d ). [32] Sensitivity analysis provides a basic understanding of the system by systematic variation of the parameters. Two-dimensional and threedimensional models are performed by systematically changing each of the geometrical (h, w) and rheological (Dr, h l /h um ) parameters over a wide range (Table 2 ). Figure 2e , red diamonds represent trench velocity, and black dots represent plate velocity. In Figure 2f , red diamonds represent the energy dissipated by the whole slab/mantle system, and black dots represent the energy dissipated by the lithosphere. Full time evolution (top and lateral view) can be seen in the Model 1 animations (Animations 1 and 2). 33] Before showing the results about the influence of the investigated parameters on the trench migration it is useful to discuss the role of the pseudoplasticity in the lithosphere strength. The coefficient of friction m f of most rocks is between 0.6 and 0.8 under dry conditions [Turcotte and Schubert, 1982; Kohlstedt et al., 1995] . The presence of water throughout the Earth's crust affects the friction and therefore lowers the stress at which the fracture occurs. This results in a lower effective friction coefficient.
[34] This friction coefficient significantly influences the subduction style and vigor, and we first derive an ''optimal'' value for m f , for which we obtain a realistic slab shape and no slab necking. These calculations have been performed in the 3-D domain that more realistically simulates the Earth. The rheological and geometrical features of the plate are the same for all calculations: h = 72 km, w = 1320 km, Dr = 100 kg/m 3 , h l /h um = 10 3 . For m f = 1.0, a dripping instability occurs, since the uppermost lithosphere is very stiff and resists detaching from the surface. For m f 0.01, on the other hand, the slab is drastically weakened, which results in a non-coherent slab. Intermediate values of m f around 0.1 show a qualitatively reasonable subduction zone and those values are further compared to subduction velocities in laboratory modeling results of Bellahsen et al. [2005] , in which a Figure 3 . The same as Figure 2 , but for an advancing slab (model run 3). The snapshot is taken in the first, second, or third phase of the subducting process at 22.9, 48.6, and 116.7 Ma after model start. A full time evolution (top and lateral view) can be seen in the Model 3 animations (Animations 3 and 4) . 2007GC001776 very comparable model setup to ours is used, although without pseudoplastic yielding. Afterward, a similar approach has previously been used by Schott and Schmeling [1998] and Enns et al. [2005] by adjusting m f to obtain subduction velocities that reasonably compare to natural values. The viscosity field is largely affected by the pseudoplasticity (Figure 4) . A friction coefficient m f = 0.04/0.06 drastically lowers the lithospheric viscosity at the bending zone (Figures 4a and 4b) , whereas the low viscosity region becomes smaller for m f = 0.07 (Figure 4c) . With m f = 0.08 such low viscosity at the bending zone is reduced to more shallow areas ( Figure 4d ). As well as affecting the strength of the lithosphere, the weakening influences the style of subduction and its kinematics. The plate with m f = 0.04 and 0.06 migrates in retreating style ( Figure 5 ). The plate with m f = 0.07 folds on the bottom of the box and that with m f = 0.08 moves in advancing style.
Geochemistry Geophysics
[35] The percentage of the energy dissipated by the lithosphere in the steady state phase increases with the coefficient (from $27% to 52% of the total energy; Figure 5 ).
[36] Through the comparison with the laboratory model velocities, our preferred value for m f is 0.08. This frictional coefficient is an order of magnitude lower than that found by laboratory experiments performed on real rocks, but it is consistent with the modeling results obtained by Schott and Schmeling [1998] (m f = 0.07) and Enns et al. [2005] (m f = 0.1). Furthermore, Moresi and Solomatov [1998] found that, in a mantle convection model with temperature-dependent viscosity, a mobile-lid regime develops in the Earth if m f is less than approximately 0.03-0.13. Such range also corresponds to values obtained from seismic field studies [Kanamori, 1994] .
Two-Dimensional Models
[37] Two-dimensional models can be regarded as three-dimensional models with no variation in the third dimension (i.e., the y direction in our setup). Such setup is a reasonable approximation for of the many wide subduction zones on Earth. Since 2-D models are less computationally demanding than their 3-D equivalents, 2-D models are ideally suitable for large parameter sensitivity studies.
[38] In the following models we vary the plate thickness h from 58 to 114 km for different density contrasts Dr (75-150 kg/m 3 ) and different viscosity ratio h l /h um (500-2000), using upper mantle viscosity h um of 10 21 PaÁs. This gives a total of 60 calculations ( Figure 6 ). In Figure 6 , the velocity ratio V p /V s is used to illustrate the subduction style: V p /V s > 1 corresponds to advancing mode subduction, while V p /V s < 1 shows retreating mode or fold-and-retreat slabs.
[39] Generally, the thinner plates subduct within the mantle with trench retreating, the thicker ones overturn in the advancing mode. The intermediate slabs show the fold-and-retreat mode. This trend is visible for high h l /h um (1000-2000) and less dense slabs (75, 100, 125 kg/m 3 ). In general, the fraction of the energy dissipation in the lithosphere increases with increasing thickness of the plate (Figure 7) . The maximum of the energy is dissipated by the folding plates. Advancing slabs dissipate less energy than the folding case but more than the retreating slab with the same density.
[40] Next, we illustrate the effects of the density contrast Dr using the same set of model calculations. Figure 6 illustrates that an increase of the density contrast favors the retreating style. For Dr = 150 kg/m 3 , the advancing style is not obtained for reasonable plate thickness and the viscosity ratio. From an energetic point of view, for models with h l /h um = 500, a higher density contrast leads to a lower fraction of energy dissipated by the lithosphere (Figure 7 ). The energy to deform the plate is on average 50% of the total energy for Dr = 75 kg/m 3 and, and around 30% for Dr = 150 kg/m 3 . For h l /h um = 1000 and 2000, the energy dissipated by slabs moving with the same subduction style is almost constant: 35% for the retreating mode and 40% for the advancing one.
[41] Next we examine the effects of the viscosity ratio h l /h um (Figure 6 ). We find that the increase of h l /h um favors the advancing style: the transition from retreating to advancing mode shifts toward thinner plates for higher h l /h um . For higher viscosity contrasts, less energy is dissipated by the slab and more by the mantle, for both subduction styles (Figure 7 ).
Three-Dimensional Models
[42] The same approach used for the 2-D model results is followed for the 3-D models, but a smaller number of calculations are performed because of their computational demand (Table 2) .
[43] Qualitatively, similar results are obtained for these 3-D models. By increasing the plate thickness, the advancing style of subduction is favored, as is the case for a lower density difference between the lithosphere and the upper mantle, and a higher viscosity ratio (Figures 8 and 9 ).
[44] Nevertheless, there are a few interesting differences between 2-D and 3-D model results. The range of V p /V s is much larger for 3-D models than it is in 2-D. The V p /V s ratio is around 0.5 for the retreating case, and around 1.5 for the advancing case, whereas in 2-D models, V p /V s values are distributed very close to the threshold V p /V s = 1. In addition, in 3-D geometry obviously another degree of freedom enters the subduction parameter space: the width of the plate.
Effects of Plate Width
[45] Here, we vary the width of the plate w between 600 and 2300 km, while h is kept constant at 72 km, Dr at 100 kg/m 3 and h l /h um at 10 3 ( Figure 10 ). We find that the largest plate (w = 2300 km) favors the retreating style, the intermediate plates (w = 924/ 1320 km) move in advancing style and the narrowest one (w = 660 km) in fold-and-retreat mode. The retreating plate dissipates a fraction of $46% of the total energy, the advancing ones 51% and the narrow fold-and-retreat one 55%.
Energy Dissipation
[46] We investigated how the energy dissipated in our subduction system is used and partitioned between the mantle and the downgoing lithosphere. We found that, in both 2-D (Figure 7 ) and 3-D models (Figures 8 and 9) , most of energy dissipation occurs in the upper mantle, which accommodate the slab motion. The dissipation is between 50% and 70% of F for 2-D models, and around 55% for 3-D models and is concentrated at the wedge and at the region between the slab and the 660-km discontinuity, where the overpressure is large.
[47] Energy dissipation in the plate is concentrated at the bending zones, near the surface and at depth. On average, strong (advancing) slabs dissipate more than the weak (retreating) slabs, for which the unbending occurs easily, but less than folding slabs ($55%). The folding mechanism requires a large amount of energy to deform the slab several times.
[48] The plate contribution to the total dissipation decreases by increasing the viscosity ratio reflecting the increase of the plate stiffness, and the consequent reduction of the plate deformation.
Discussion
[49] The subduction style can be classified using the motion of the trench that can be either retreating or advancing with respect to the upper plate [Faccenna et al., 2007] . Retreating trench style is usually more frequent [Garfunkel et al., 1986] . However, the exact estimation of the amount of retreating or advancing trench over the Earth surface depends upon the chosen reference frame. For example, Heuret and Lallemand [2005] estimate that 53% of the total trench length is advancing in the HS3 reference frame [Gripp and Gordon, 2002] . This percentage decreases to 30% and to 39% taking the GJ86 [Gordon and Jurdy, 1986] or NNR [DeMets et al., 1994] reference frame, respectively. In our models we obtain both subduction modes with a realistic range of geometrical and rheological parameter settings.
Reducing the Complexity of the Subduction System
[50] The 60 2-D model calculations, in which Dr, h, and h l /h um are varied (Table 2) , are used to determine the relationship between model parameters and subduction style (Figures 11 and 12) . A pattern can be recognized: dense (high Dr), thin (low h), and relatively low viscous (low h l /h um ) slabs tend to subduct in retreating mode, while less dense, thicker or more viscous slabs have a tendency to go into the advancing mode. We fitted the modeling results to a unifying parameter S of the subducting plate with the following linear scaling law:
[51] We will refer to S as the stiffness parameter for reasons explained below. We fit the scaling law (equation (10)) with S = 1 describes well the transition between advancing and retreating subduction (Figures 11 and 12 ). Now S < 1 and S > 1 correspond to subduction in retreating and advancing style, respectively. S can be interpreted as an effective stiffness of the subducting plate: increasing h l /h um (resulting in a more viscous plate) or h (a thicker plate) obviously increases its ''stiffness'' S, which is reflected by the positive values for A and B. The negative relation between Dr and S (C < 0) is less obvious and requires some explanation: an increased plate density increases the gravitational instability, and therefore the stresses that drive the subduction. This, in turn, results in more yielding due to the pseudoplasticity, and a reduction of the effective viscosity in these yielding areas. So increasing Dr reduces locally the stiffness of the plate.
[52] The stiffness of the plate appears to be the most important ingredient in controlling the subduction behavior. A similar conclusion was experimentally drawn by Ribe [2003] for a sheet of viscous fluid being dropped onto a surface.
[53] Strong slabs (S > 1) preserve their bended shape during the subduction process with little possibility to unbend. Hence slabs reach the 660-km discontinuity with a backward-reclined shape (Figure 3a , phase II). Weak slabs (S < 1), on the contrary, are easily deformed after subduction, and descend sub-vertically within the upper mantle (Figure 2 ). They are able to unbend before reaching the 660-km discontinuity. The fold-andretreat cases are somewhat more complicated. As with the ''strong'' slabs, the tip reaches the 660-km discontinuity such that an advancing motion is favored. But advancing mode subduction requires more rapid surface plat motion than retreating mode subduction (Figures 2e and 3) . If a plate cannot keep up with this required surface motion, it folds up on the discontinuity and continues in the retreating mode. In our models the bending/ unbending has no elastic component. However, Capitanio et al. [2007] showed that, by varying the Young's modulus and the Poisson's ratio, the large-scale motion and stresses are not influenced by the presence of the elasticity.
[54] In order to investigate how the initial plate shape influences the mode of subduction, we performed two calculations in which we change halfway the plate thickness, such that thin plate subduction is followed by thick-plate subduction or vice versa. The change from thin to thick plate subduction (or vice versa) causes a change from retreating to advancing subduction (or vice versa). This illustrates that the subduction modes does not depend on the initial plate configuration, but on the plate strength.
Role of the Viscosity
[55] Dimensionalized velocities in our numerical models are all fairly low. But it is worthwhile pointing out that those velocities scale directly with 1/h. The used viscosity scale does not affect the style of subduction at all, but only affects the timescale of the subduction process. We confirmed this by performing a few calculations by keeping h l /h um constant at 10 3 and by varying h um . By decreasing h l and h um by a factor of 10, all velocities increase by the same factor, but otherwise results are identical. Therefore, if all our results are translated in terms of 10 20 Pas upper mantle viscosity, trench velocity will range be- tween À6 and 15 cm/a. These values are in very good agreement with trench velocities of subduction zones on Earth that go from À6 up 13 cm/a [Heuret and Lallemand, 2005] . Thus we argue that h um = 10 20 Pas is the best fitting value to compare the numerical models to the natural cases.
[56] Stegman et al. [2006] performed calculations with a very similar numerical model setup. However, they obtained only retreating trench migration and no advancing slabs. This is probably because the viscosity ratio imposed between the lithosphere and the upper mantle is much lower (100-200) than in our case. Such low viscosity ratio leads to a small stiffness S, and therefore favors retreating style subduction. Although Stegman et al. [2006] use a reference h um = 10 20 Pas, the largest observed retreat rate is only 4 cm/a and a plate velocity of 0.5 cm/a. The most likely reason of these low velocities can again be the related to the low viscosity ratio imposed between the lithosphere and the upper mantle. This acts to weaken the slab and reduces the possibility to become an efficient stress guide to pull the surface plate into the subduction zone.
[57] Despite the setup of the numerical models by Billen and Hirth [2007] being significantly different from our one, they also found that the slab strength and a higher viscosity contrast between plate and mantle controls primarily the evolution and the dip of the slab during its sinking.
[58] Funiciello et al. (submitted manuscript, 2007) show experimentally that, in order to obtain the variability of the subduction styles recognized in nature, it is necessary that the lithosphere/upper mantle viscosity ratio ranges between 150-500. This interval is somewhat lower than that found out in our numerical model range from 500 to 2000. This discrepancy can be understood by taking into account that the presence of the pseudoplasticity at the uppermost part of the lithosphere in the numerical models effectively reduces the viscosity of the slab in the bending zone (by approximately a factor 130 for weak slabs and $450 for stronger slabs) in our numerical calculations, while such viscosity reduction is absent in the laboratory models.
Role of the Pseudoplasticity at the Bending Zone
[59] In our models, the pseudoplastic deformation enables a subducting plate to decouple from the free-slip, but vertically fixed surface. On Earth, the surface moves freely up and down, and such weakening may not be strictly necessary for subduction to occur. Nonetheless, a similar mechanism can be expected occur on the Earth from lithospheric breaking and weakening before its entrance at trench Billi et al., 2006; Hirano et al., 2006] . Subducting plates suffer significant crustal-scale faulting as revealed by observations of seafloor bathymetry and seismic reflections data at several subduction zones [Kobayashi et al., 1998; Ranero et al., 2003] . In fact, the negative buoyancy of the slab itself creates the stresses to deform and weaken the plate at the bending zone [Billen and Gurnis, 2001] . Moreover, the presence of the oceanic sediment at the trench or wet rock conditions results in a low friction coefficient. Our results suggest that strong plates favor an advancing trench motion, while weaker plates result in trench retreat. This is similar to what is observed on Earth [Heuret and Lallemand, 2005; Faccenna et al., 2007] , where older, stronger plates give more trench advance due to the absence of pseudoplasticity in those models. Therefore, we hypothesize that on Earth, pseudoplasticity plays an important role in subduction dynamics, similar to our numerical experiments.
Role of the Plate Width
[60] The width of the plate affects the style of subduction as well. Plates with large width (w > 2300 km) tend to have a retreating mode, intermediate plates (900 km < w < 2300 km) an advancing trend. This result is in agreement with Bellahsen et al. [2005] , who investigate with analogue models the effect of plate width on trench migration.
[61] Because our models, in which we vary w, have the same h, Dr and h l /h um , the plates have the same stiffness S. Therefore, as discussed above the change of subduction style cannot be due to a change in plate stiffness, and should be explained in terms of mantle flow and plate/mantle shear drag force.
[62] The style of subduction is determined by how the tip of the slab reaches the 660-km discontinuity. Intermediate and wide plates show exactly the same shape and dip during the first phase of the process, because they have the same strength. When the slab tip is approaching the bottom of the box, the mantle overpressure created by the wide plate is larger than that created by the intermediate one. The mantle opposes the slab sinking and a vigorous upward flow occurs. This mechanism leads the tip a bit forward, allowing the consequent retreating mode subduction.
[63] In general, wide plates stir a larger amount of mantle material than the intermediate ones . This causes a more vigorous horizontal flow that is reflected into a high fraction of the dissipated energy. At the same time, a high shear drag acts at the base of the plate opposing the plate motion.
[64] The narrow plate initially moves in advancing style. The involved slab pull force is less than that of the intermediate plate and the subduction process is slower, but at the same time the shear drag is higher than the intermediate cases, because the shear at the non-negligible surface area of the plate sides starts to play a role. At the certain point, the slab is not able to pull down further lithospheric material and the trench migrates in retreat.
[65] The scaling law may be applied to the 3-D results with some adjustment, because at the moment, it is tuned for very wide plates: the 2-D model has, by definition, a laterally totally constrained configuration, which can be compared to an infinite trench extent.
[66] Our results appear in contrast with Schellart et al. [2007] , who used numerical simulations to test the dependence of trench motion on slab width observed by Bellahsen et al. [2005] . As previously found by Stegman et al. [2006] , Schellart et al. [2007] show that their trench retreat inversely scales with its width: wide plates are nearly stationary, intermediate ones prefer move in retreat and fold. In particular, this relationship becomes pronounced during the very late stage evolution of a narrow slab, when model evolution results can be strongly influenced by the unlikely limited length of the remaining subducting plate. The folding of the wide and intermediate slabs on the 660-km discontinuity is favored by the weakness of the plate. The low viscosity ratio of 200 between lithosphere and upper mantle and the viscoplasticity applied in the whole upper half of the plate [Schellart et al., 2007, Supplementary Information] make the slab a non-efficient stress guide. In addition, the presence of a higher viscous lower mantle favors the piling of the lithosphere material. 
Differences Between 2-D and 3-D Models
[67] From Figure 6 and Figure 9 it is clear that for the 2-D models the ratio between the plate and subduction velocity is very close to 1, a little bit lower than 1 (0.85-0.95) for the retreating slabs, a little bit higher than 1 ($1.1) for the advancing slabs. A ratio equal to 1 means that the trench velocity is zero. In 3-D models the ratio results around 0.6 for the retreating trenches and around 1.5 for the advancing ones. This larger variation for 3-D results is due to the three-dimensionality of the system that allows the upper mantle to flow laterally around the slabs to facilitate trench migration. In 3-D the subduction style is maintained more easily than the 2-D case, and the fold-and-retreat case occurs less frequently.
Energy Balance
[68] In our models energy dissipation occurs mainly in the upper mantle, which accommodates the slab motion. Lithosphere dissipation is between 30% and 50% of the total F for 2-D models, and around 45% for 3-D models. These results are in agreement with those obtained by Capitanio et al. [2007] . Conrad and Hager [1999] analytically and numerically calculated the energy balance of a subduction system. They found that a thicker and/or more viscous slab dissipate more energy to deform and bend than a thinner and less viscous plate. In spite of this resembling result, a direct comparison is not possible because in their models the slab is constrained by a fixed trench position and radius of curvature, while in our dynamic models the plate is free to move. Few differences occur in the analogue experiments. In the work of Bellahsen et al. [2005] , the bending force appears as the most important resisting contribution, ranging between 69% and 99% of the total energy. On the contrary, Schellart [2004] found that the bending resistance consumes around 30% of the total energy. But obviously, experimental energy dissipation estimates inevitably suffer from low accuracy in determining the roles of (bending) forces in analogue models. several geometrical and rheological parameters. Advancing style subduction is promoted by a large plate thickness, a large viscosity contrast between plate and mantle, or a small density contrast between plate and mantle. Thin plates, with relatively low viscosity, or relatively high density, on the other hand, promote subduction in the retreating style (i.e., with slab roll-back). Realistic subduction occurs only for a pseudoplastic friction coefficient around 0.1 or somewhat less. Within this narrow range, lower values of this friction coefficient favor retreating subduction style. Therefore, a variation of the pseudoplasticity in the plate may have the same influence of a change of the model parameters. The width of the subducting plate shows a complicated relationship with the subduction style: both very narrow and very wide plates show retreating style subduction, while intermediate-width plates subduct in advancing mode. The change of the subduction style is not due to a variation in plate stiffness, but in terms of mantle flow and plate/mantle shear drag force. The complexity of this multiparameter system can be reduced significantly by recognizing that most of those model parameters have a clear relationship with the strength (or stiffness) of the plate. To that end, we developed a scaling law: S = 0.1233 ln(h l / h um ) + 0.0049 h -0.0032 Dr, where S is a measure for the stiffness of the plate. For S < 1 (weak plates), retreating style subduction occurs, while for S > 1 (strong plates), subduction occurs in advancing style.
Conclusions
[70] Advancing slabs spent a larger percentage of the energy dissipation (55%) than retreating ones (45%). In particular, most of viscous energy dissipation occurs in the mantle to accommodate the slab motion, whereas the dissipation of the lithosphere ($30-50%) is mainly concentrated at the bending zones, both at the trench and at depth.
[71] Our results indicate that in order to have both advancing and retreating styles of subduction occurring, the viscosity ratio between plate and mantle needs to be within the range of 500-2000, although weakening by pseudoplastic yielding reduces this value significantly in the vicinity of the subduction zone. Furthermore, our model shows the observed range of plate velocities (from À6 to 13 cm/a) [Heuret and Lallemand, 2005] for a mantle viscosity of 10 20 Pa s.
